benign MS, suggesting a silent progression of cognitive impairment independent of standard measures of the clinical course of MS. 24 In particular, cortical atrophy has been suggested as one of the major underlying causes of cognitive impairment. 10, 22, 25 Consistent with this suggestion, several pathologic 26, 27 and magnetic resonance imaging (MRI) 4,6,28 studies have shown that the cerebral cortex is affected in MS.
Voxel-based morphometry (VBM) is a well-established and well-validated image analysis technique
29-31 and provides an unbiased and comprehensive assessment of anatomical differences throughout the brain with high local specificity. If brain atrophy is not homogenous in MS, then regional measures may provide more sensitive indices of change and localize that atrophy. Indeed, regional measures of brain atrophy may better define the nature of the pathologic mechanism underlying MS disability. Voxel-based morphometry has been used extensively in the analysis of brain atrophy in MS. [32] [33] [34] [35] [36] [37] However, few studies have evaluated the association between voxelwise GM atrophy and disability, 38,39 despite extensive reporting of the association of whole-GM atrophy or hypothesis-driven substructure atrophy with clinical disability. 3,9,40, 41 The voxelwise approach has the advantage of being purely biology driven and capable of identifying new brain regions not previously considered in MS. Disease-specific brain atlases store multimodal imaging data from a specific subpopulation. [42] [43] [44] In this crosssectional study, we created disability-specific brain atlases representing regions of GM loss associated with deficits in specific clinical test results. The clinical test data and MR images were collected from 158 women with RRMS at their baseline pretreatment evaluation as part of a recently completed, multicenter estriol treatment trial. 45 We hypothesized that worse performance on specific clinical tests would be associated with worse focal GM atrophy not necessarily limited to a previously described neuroanatomical structure.
Methods

Patients
All study patients were enrolled in the phase 2 clinical trial of combination treatment with glatiramer acetate (Copaxone) and estriol (clinicaltrials.gov trial identifier NCT00451204) 46 ; enrollment criteria have been described previously. 45 Briefly, women aged 18 to 50 years with the diagnosis of RRMS and active relapsing disease within the previous 24 months were eligible for inclusion. Patients were untreated with a 3-month washout of all other diseasemodifying treatments or had been treated for less than 2 months with glatiramer acetate. Patients were enrolled at 16 sites throughout the United States. The present ad hoc study was approved by the institutional review board of the University of California, Los Angeles. All patients provided written informed consent. Data were collected from June 28, 2007, to January 9, 2014. All enrolled patients underwent a neurologic examination and cognitive and behavioral testing consisting of the Expanded Disability Status Scale (EDSS) (range, 0 to 5.5, with higher scores indicating greater disability) 47 and the Multiple Sclerosis Functional Composite (MSFC) (range, −1.96 to 1.33, with higher scores indicating better performance and less disability), 48 which included the 9-Hole Peg Test (9-HPT) (range, 13.4-54.4, with longer times indicating worse performance), the Timed 25-Foot Walk (T25-FW) (range, 2.7-10.4, with higher scores indicating worse performance), and the Paced Auditory Serial Addition Test at 3 seconds (PASAT3) (range, 26-60, with higher scores indicating better performance) and 2 seconds (PASAT2) (range, 18-60, with higher scores indicating better performance). We collected high-resolution T1-weighted and fluid-attenuated inversion recovery (FLAIR) MR images from all patients. Only the baseline clinical tests and MRIs at enrollment (month 0) were used for this analysis. The MR images needed to pass stringent quality control to ensure sufficient image contrast to produce high-quality tissue segmentations. Of the original 158 patients from 16 sites, a total of 133 patients from 13 sites met this quality control criterion for VBM analysis. An overview of included and excluded patients is given in Table 1 . We found no significant differences in any outcome measures between patients included vs excluded from this analysis. 
Image Acquisition and Processing
We acquired the MRI data using T1-weighted sequences with and without gadolinium-based contrast agent and a FLAIR sequence to detect WM lesions. Brain images were processed in MATLAB software (version R2011a; MathWorks) and examined using statistical parametric mapping (SPM8; Wellcome Department of Cognitive Neurology) and the VBM8 toolbox extension as described previously. 37, 49 In brief, we manually delineated and subsequently inpainted WM lesions in the native T1-weighted scans to prevent a possible confound of WM lesions on tissue segmentation. 37,50,51 The inpainted images were classified as GM, WM, or cerebrospinal fluid and registered to MNI (Montreal Neurological Institute) space using linear and nonlinear transformations. The tissue segmentation algorithm accounted for partial volume effects 52 and was based on adaptive maximum a posteriori estimations 53 ; a spatially adaptive, nonlocal means denoising filter 54 ; and a hidden Markov random field model. 55 These methods made the tissue classification independent of the tissue probability maps and thus additionally minimized the influence of misclassifications, lesions, and altered geometry.
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We used the resulting GM segments to calculate the global and local GM volumes for the statistical analyses. Wholebrain GM volumes were computed as the sum of all voxelwise volumes within a segment. The GM segments were spatially normalized to the DARTEL template 56 supplied with the VBM8 toolbox and modulated for nonlinear components of the transformation. This process resulted in voxelwise comparability between the patients while correcting for differences in whole-brain size. Spatially normalized GM segments were smoothed with a gaussian kernel (8-mm full width half maximum) and a mean template was created from the normalized brain images of all patients.
Statistical Analysis
We summarized patient characteristics using descriptive statistics. We compared included and excluded patients using the χ 2 test for categorical variables and unpaired 2-tailed t test for continuous variables (or Wilcoxon rank sum test when needed). Overall, 133 patients had EDSS scores and 129 patients had PASAT2 scores. The 122 patients who were right-handed were included in the 9-HPT analysis to avoid the handedness confound.
We assessed associations of voxelwise GM volumes with the MSFC, PASAT3, PASAT2, 9-HPT, or T25-FW scores using voxelwise regression analyses within the general linear model. Associations between voxelwise GM volumes and EDSS scores were assessed by evaluating group differences between patients above and below the median disability score (EDSS score, 2.0) using unpaired 2-tailed t tests within the general linear model. We assessed the associations between voxelwise GM volumes and the individual EDSS functional system subscores by evaluating group differences between patients with and without disability using unpaired 2-tailed t tests within the general linear model. All analyses were adjusted for age, disease duration, number of relapses within the previous 12 months, scanner, and MRI WM measures (volume of FLAIR lesions, volume of enhancing lesions, and number of enhanc- P = .001. We applied a correction for nonstationarity to ensure valid results. 58 For visualization, the corrected results were subsequently overlaid on the mean template and maximumintensity projections were generated. In addition, we brought significance clusters to the MNI single-subject space to enable comparisons with the underlying anatomy using the Anatomy SPM toolbox.
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We assessed the correlations between whole-GM volumes and the MSFC, PASAT3, PASAT2, 9-HPT, T25-FW, and EDSS scores and EDSS functional system subscores using the Spearman rank correlation. Analyses used SAS/STST software (SAS Institute, Inc). A heat map and correlation clustering were created using the gplots package in R software (http: //www.R-project.org). Owing to the relatively small sample size in this exploratory study, the α level was only adjusted for multiple comparisons in the voxelwise analyses, not in the whole-GM analyses.
Results
Composite Measures, MSFC, and EDSS
The final study sample included 133 women with RRMS (mean [SD] age, 37.4 [7.5] years). We observed a significant direct correlation between the MSFC scores and voxelwise GM volume. Because lower MSFC scores indicate worse performance, this result indicated that worse MSFC performance correlated with localized GM loss. A significance cluster in the middle cingulate cortex reached into Brodmann area (BA) 6 60 and medial superior parietal area 5M (P < .001). 61 The second significance cluster with a maximum in the right middle frontal gyrus extended posteriorly to the precentral gyrus without reaching BA 6 and 4 (P = .004). 60 Contralaterally, a third significance cluster extended from the Rolandic operculum over the precentral gyrus without reaching BA 6 and 4 60 and terminating in BA 44 (P = .009). 62 The maximum intensity projections and renderings are depicted in Figure 1 . In contrast to the MSFC findings, we observed no significant correlations between voxelwise GM volumes and EDSS scores.
Individual Clinical Tests
We observed a significant direct correlation between PASAT2 scores and voxelwise GM volume. Because lower PASAT2 scores indicated worse performance, this result indicated that worse PASAT2 performance correlated with localized GM loss. A significance cluster was located in the left primary auditory cortex Te1.0 63 and extended to the left superior temporal gyrus, the left posterior insula (Ig1), 64 and the left inferior parietal lobe (P < .001). A significance cluster was also located in the right primary auditory cortex Te1.0 and extended onto the right posterior insula (Ig1) and the right inferior parietal lobe (P = .008). coronal section, and a rendering for visualization are depicted in Figure 2A .
We observed a significant inverse correlation between 9-HPT time and voxelwise GM volume. Because longer 9-HPT times indicated worse performance, this result indicated that worse performance correlated with localized GM loss. The cluster was located in the left inferior frontal gyrus, specifically BA 44 (P = .02). 62 The cluster extended slightly in the occipital direction into the inferior frontal junction. Maximum intensity projections and a coronal section for visualization are depicted in Figure 2B . Patients with bowel and bladder disability (EDSS functional system subscore >0) had significantly less GM within the right paracentral lobulus (P = .03) and the left anterior-basal insula (P = .04). Maximum intensity projections and coronal sections for visualization are depicted in Figure 2C .
We observed no significant correlations between voxelwise GM volumes and the PASAT3 and T25-FW findings. Furthermore, we observed no significant correlations between voxelwise GM volumes and any of the other EDSS functional system scores. 
Whole-GM Volumes
We calculated whole-GM volumes for all of the patients and performed regression analyses with clinical measures (Table 2) . We found statistically significant correlations between whole-GM volume and the MSFC, 9-HPT, PASAT2, PASAT3, and T25-FW scores. We did not observe statistical significance in the correlation between whole-GM volume and EDSS; however, the bowel and bladder and the cerebellar functional system subscores were significantly correlated with whole-GM volumes.
Heat Map and Correlation Clustering
Correlation clustering is a way of visualizing a large, complex data set in a manageable fashion that highlights elements that correlate with each other (Figure 3) . We observed close clustering of whole-GM volumes with PASAT2, PASAT3, and MSFC scores. Strong negative correlations between the MSFC and the T25-FW and 9-HPT scores were as expected because increased times to complete the T25-FW and 9-HPT indicate worse disability and contribute to a lower MSFC score.
Discussion
We have observed localized GM loss associated with deficits in specific clinical test results occurring in clinically eloquent regions-areas consistent with functions associated with their respective clinical measures. This observation of discrete GM losses that differ from one clinical disability to another is consistent with our overall hypothesis that, as disabilities differ, patterns of localized GM atrophy differ accordingly. Auditory function is a critical component of the PASAT2; therefore, the strong correlation between PASAT2 performance and GM volume in the primary auditory cortex bilaterally is of particular interest. Furthermore, we found a strong correlation between PASAT2 performance and GM volume in the left precentral gyrus (BA 6). Neuroimaging studies have demonstrated that BA 6 is involved in nonmotor mental operation tasks, with one report 65 using positron emission tomography to visualize activity in BA 6 during numerical, verbal, and spatial tasks and the other 66 using functional MRI to visualize activity in BA 6 during spatial and verbal mental operations. With that said, our findings are not consistent with those of a previous report demonstrating significance clusters for correlations between GM volume and PASAT2 scores in the orbitofrontal cortex. 39 The difference in our observations may be owing to differences in patient populations and/or analysis methods. We had an all-female population with RRMS and a mean disease duration of 3 years, whereas the previous study had a mixed-sex population that included healthy participants and patients with MS and a mean disease duration of 7 years. Further, we used high-instead of low-dimensional nonlinear registration and lesion in-painting, as recommended.
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Unexpectedly, the PASAT3 did not show a correlation with localized GM atrophy. We hypothesize that this finding is owing to the smaller continuum of disability in the PASAT3 than in the PASAT2. The range of PASAT3 scores was small, with 73 of 133 of the patients showing no functionally significant disability (PASAT3 score 55-60), thus limiting the domain of the regression analysis.
The 9-HPT involves very precise hand and arm movements; although left BA 44 (ie, part of the Broca area) is primarily associated with the production of speech (verbal communication), it is also involved in specific, coherent activation of the motor system, particularly arm and hand motions (theoretically gestural communication). [67] [68] [69] Our findings emerged from the patient MRI scans without a priori hypotheses or preconceptions about affected areas, which makes them even more compelling. In essence, these biology-driven rather than hypothesis-driven results reveal a new area of GM loss associated with a common disability in MS, namely, performance on the 9-HPT. Patients with MS and EDSS bladder and bowel functional system subscores greater than 0 showed a significance cluster of GM loss in the right paracentral lobule. The cluster occupies a region of the cerebral cortex that receives somatosensory information to the genital area and has been shown to be associated with defecation and micturition. [70] [71] [72] The MSFC is a combination of tests that involve multiple separate neurologic systems, including the sensory, motor, coordination, attention, and cognition systems. Despite the variety of systems involved, a number of large clusters had voxelwise GM volume correlated with the MSFC score. The MSFC clusters had some overlap with those observed in the PASAT2 and 9-HPT results, although this overlap was not complete. This result was a surprise because we expected that composite measures of distinct clinical disabilities would not correlate well with voxelwise GM loss. On the other hand, we did not find any correlation between the EDSS scores and localized GM loss, consistent with previous reports. 38, 73 We hypothesize that this finding may be owing to the fact that the EDSS includes more subscales, many of which are minimally affected in many patients, resulting in greater heterogeneity of disabilities. Further, and perhaps more importantly, the MSFC subtests (and transitively the MSFC) are objective measures with substantial dynamic ranges, whereas the EDSS and its functional system subscores are subjective assessments and have a limited dynamic range. Our data suggest that objective clinical outcome measures are better suited for this kind of analysis, as are continuous (rather than dichotomous or discrete) measures. We observed correlations between whole-GM volume and the MSFC and its component tests, consistent with previous reports.
12,13, 40 We did not observe a statistically significant correlation between whole-GM volumes and the EDSS scores, although we found an inverse correlation between whole-GM volumes and the EDSS bowel and bladder functional system subscore and between GM volumes and the EDSS cerebellar functional system subscore (less GM volume is correlated with more disability). Although several studies have reported that GM atrophy is associated with EDSS scores, 1 2 , 4 0 others have not found such a correlation. 73, 74 The difference in our observations again may be owing to differences in our patient populations. Our study includes some limitations. The cohort we analyzed consisted of untreated female patients with RRMS. If disease-modifying treatments were used, if the patient population was male, or if patients with progressive MS were examined, the findings may have been different. Although our patient population was larger than those of previous VBM studies, it is by no means representative of all patients with MS, and future studies with even larger patient populations may demonstrate more subtle effects. In addition, this approach could be applied to any number of other clinical assessments beyond the MSFC components. With that said, the results of some assessments may be masked by the complex, multisystem nature of some tasks or by the brain's inherent plasticity.
Further studies warrant a longitudinal analysis to correlate longitudinal change in a specific disability with longitudinal change in voxelwise GM atrophy. The insights gained may be important in identifying new biomarkers for use in future trials that focus on neuroprotective treatments targeting those specific disabilities because specific areas of GM loss could be tracked longitudinally for responsiveness to treatment over time.
Conclusions
Previous reports 3,9,40,41 have found strong correlations between GM atrophy and clinical disability in MS; however, few studies have focused on the association between localized GM atrophy and specific disabilities. 39 In this cross-sectional study,
we have demonstrated that specific disabilities in patients with MS are associated with voxelwise GM volume loss in clinically eloquent regions. These findings are biology driven rather than hypothesis driven, emerged from the MRI scans, and unveiled GM atrophy associated with common disabilities observed in MS. Identification of such regions could lead to further investigation of their longitudinal change as a biomarker in a trial targeting treatment of the disability served by that region.
